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Abstract: Purple acid phosphatases contain a dinucledrN¥&" center in their active site (M= Fe™ or

Zn?%). To resolve the specific role of the ferric ion in catalysis, a series of metal-substituted forms of bovine
spleen purple acid phosphatase (BSPAP) of general formUIZi+BSPAP has been prepared, in which the
trivalent metal ion was systematically varied (M= Al, Fe, Ga, and In). The activity of the AlZn-BSPAP

form was only slightly lowerK:o: ~ 2000 s1) than that of the previously reported GaZn and FeZn forkns (

~ 3000 s1). The InZn form was inactive. The kinetics parameters and pH profile of AlZn-BSPAP were
remarkably similar to those of FeZn-BSPAP and GaZn-BSPAP, but AlZn-BSPAP was readily distinguished
from the GazZn and FeZn forms by its-5@0-fold lower inhibition constant for fluoride. These results are not,

at first sight, consistent with intrinsic properties of the trivalent metal ions as they are known from coordination
chemistry. In particular, aluminum has generally been believed to be of little use as a Lewis acid in the active
site of an enzyme because of the slow ligand exchange rates typically observed for aluminum complexes. The
present results are thus in conflict with this general wisdom. The conflict can be resolved either by assuming
that the protein modulates the properties of the aluminum ion such that ligand exchange rates are substantially
enhanced and thus not rate-limiting, or by assuming a catalytic mechanism in which ligand exchange does not
take place at the trivalent metal ion.

Purple acid phosphatases (PAPs) are unique enzymes in thairon, again without major effects on the catalytic activity!
they use a dinuclear Bg¢€' or FE''Zn!' center to catalyze the  The kidney bean purple acid phosphatase is the only PAP whose
hydrolysis of phosphate estérs. They are further characterized X-ray structure has been report€d3 The PAPs belong to a
by their purple color, which is due to a tyrosinate-totFe  much larger group of enzymes that catalyze phosphate ester
charge-transfer band, their acidic pH optimum, and their hydrolysis and share a sequence motif incorporating most of
insensitivity to tartrate, which is an inhibitor of other classes of the metal ligating amino acids in KBPAP:16 X-ray structures
acid phosphatases. PAPs have been isolated from mammalianpf two Ser/Thr-specific protein phosphatases, protein phos-
plant, and microbial sourcésThe mammalian enzymes, of phatase ¥18 and protein phosphatase 2B (calcineutty?
which uteroferrin (Uf) and bovine spleen purple acid phos- - - - -
pha}tase (BSPAP) are the begt-stqdied examples, contain two g%;vl Séléﬁ', [\]A 'Lf\éingéiéﬁ; El;oggsnn;Ir?té)%?ﬂggngz'c%}ﬁnz.alg.l;llaz:ér'unner,
antiferromagnetically coupled iron ions. The plant purple acid p. G.J. Am. Chem. Sod.98§ 110, 3317-3318.
phosphatase from kidney beans (KBPAP) contains one iron and  (11) Beck, J. L.; McArthur, M. J.; de Jersey, J.; Zerner|riarg. Chim.
One. zinc, Despite this differencg ".1 metal contgnt, the mam- ACt(?%)ggﬁale?N??Elitunde, T.; Tucker, P.; Witzel, H.; Krebs, 8cience
malian and plant PAPs display similar enzymatic and spectro- 1995 268 1489-1492.
scopic properties. One of the irons in BSPAP and Uf can be Bio(lls‘l)gi;laat;usrgd%.sp;%?r. N.; Frdnlich, R.; Witzel, H.; Krebs, BJ. Mol.
rep_la_cefl_gby zinc W|th_out_dra_st|c effects on the phosphatase (14) Koonin. E. V.Profein Sci.1994 3, 356-368.
activity,*" while the zinc ion in KBPAP can be replaced by (15) Zhuo, S.; Clemens, J. C.; Stones, R. L.; Dixon, 1.Biol. Chem.
1994 269, 26234-26238.
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which also have this sequence motif, show the presence of aenzyme is thus postulated to make use of the strong Lewis
dinuclear metal center which resembles that of KBPAP, although acidity of Fé* to generate a hydroxide ion, even at the weakly

the identity of the metals is still the subject of some deBaté&.
The metal centers in Uf, BSPAP, and KBPAP have been

studied extensively by various spectroscopic techniques, includ-

ing EPR%791024.25\M5ssbauef? 30 resonance Ramait>3!
NMR,32-34 magnetic susceptibility2535-37 MCD,% ENDOR/
ESEEM39 and EXAFS*-43 From these studies and from the

acidic pH where it is active (pH optimumy6).

In general, trivalent metal ions are stronger Lewis acids than
divalent metal ions. As such, they are widely used as catalysts
in organic synthesis, e.g., the Fried€rafts catalyst AlGJ.48
Ligand exchange reactions are, however, generally slower at
trivalent metal ions than at divalent metal idfisThis fact has

X-ray structures of KBPAP and its phosphate and tungstate been put forward to explain why the vast majority of metallo-

complexes?13 the structure of the dinuclear metal center in
PAP is now well characterized. Relatively little is known,

hydrolases contain divalent metal ions, in particular zinc and
magnesiun¥® Despite this apparent disadvantage of trivalent

however, about the mechanism by which PAPs catalyze the metal ions, several enzymes are now known to make use of the
hydrolysis of phosphate esters. From a chiral substrate experi-strong Lewis acidity of a trivalent metal ion while exhibiting

ment with BSPAP, it is known that hydrolysis results in net
inversion of the configuration around phosphorus, which

fairly high turnover numbers: the PAPs and possibly other
phosphatases with the same sequence moti¥ &2 nitrile

strongly suggests the direct attack of water/hydroxide on the hydratases (F& or Co™),5%52 and intradiol dioxygenases
phosphate ester without the formation of a phosphorylated (Fe).53:54

enzyme intermediat®. Stopped-flow measurements on the

A classical approach for investigating the role of a metal ion

reaction of phosphate with uteroferrin suggest a rapid binding in enzymatic catalysis is substitution by another metal and

of phosphate to the Pe.4546 A mechanism has been proposed
in which the phosphate ester also rapidly binds to th&" Fe
followed by attack of an Feé-bound hydroxide ioA34447The
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characterization of the resulting perturbation in spectroscopic
and/or enzymatic properties. We have recently reported that both
of the iron ions in BSPAP can be specifically replaced by other
metal ions® By preparing GaFe-BSPAP and GaZn-BSPAP, we
showed that the ferric iron can be replaced by Gaithout
major effects on kinetics parameters and pH optima. The
coordination chemistry of Fé and G&" is, however, known

to be very similar. G& and F&" have similar ionic radii, they
show similar ligand exchange rates, and their Lewis acidities
are comparable® In the present study, we probe the role of the
trivalent metal ion by the preparation and characterization of
metal-substituted BSPAP forms of the general formuld-M
Zn", with two trivalent metal ions that differ significantly from
iron: aluminum and indium. The ionic radius of%Alis smaller
than that of F&", while that of Ir#* is larger® [Al(H ,0)g]*" is

also significantly less acidic than is [Fef®l)¢]3" or [Ga-
(H20)e]3+.5” When studying catalytic reactions involving ligand
exchange at a metal, it is important to consider the ligand
exchange rates typical of that metal ion. Thus, ligand exchange
rates are typically slow for & complexes in comparison to
the corresponding Fe or Ga&* complexes, while they are
higher for Ir?t complexeg?58-60 As a result, our findings, that
the A"Zn"-BSPAP form is~60% active as the E&zn!' and
Gd"zn" forms, with ake of ~2000 s, while the Id'zn"
form is totally inactive, are rather surprising. This first
demonstration of aactive aluminum-containing enzyme is also
in conflict with the axiom that the relative slow ligand exchange
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M"Zn!" Purple Acid Phosphatase

rates of aluminum render this metal ion useless in the active
sites of enzyme%255Our findings suggest that the rate-limiting
step in the catalytic mechanism of BSPAP nmag be a ligand
substitution reaction at the trivalent metal ion. Possible roles
for the trivalent metal ion in phosphate ester hydrolysis are
discussed.

Experimental Section

General. Unless stated otherwise, protein solutions contained 40
mM sodium acetate, 1.6 M KCI, and 20% (v/v) glycerol, pH 5.0. Optical

spectra were measured on an HP8452A diode array spectrophotometer.
Bovine spleen purple acid phosphatase was isolated as previously

described:®! Preparations ha@d\so nn{Aszs nm ratios of ~14. Apo-
BSPAP, FeZn-BSPAP, and GaZn-BSPAP were prepared as previously
described. Apo-BSPAP typically contained 0.05 mol of Fe per mole
of protein and had a residual phosphatase activity-0f1%. Protein
concentrations were determined by measuring the absorption of the
tyrosinate-to-F& charge-transfer band at 536 ne 4080 Mt cm™?)

for FeFe-BSPAP and FeZn-BSPAP and the absorbance at 280 nm (
=60 000 Mt cm™) for the apo-enzyme and the other metal-substituted
forms of BSPAP. For all experiments involving apo-BSPAP, plastic
disposable labware was boiled in 5% HCI and rinsed with Millipore
water, while glassware was stored in 10% HCIl and rinsed with Millipore
water just before use. Sephadex G-25 columns (Pharmacia) were
washed with 2-3 volumes of 2 mM 1,10-phenanthroline, followed by
several volumes of Millipore water and buffer. Buffers were treated
with Chelex-100 (BioRad) to remove metal impurities.

Enzyme Kinetics. Activity assays, determination of kinetics pa-
rametersKy andkea, and determination of pH profiles were done as
previously described usingnitrophenyl phosphat@{NPP) as substrate
at pH 6.0% Fluoride inhibition was studied in 100 mM NaOAc, 200
mM KCI, pH 5.0, by measuring the formation of phenol from the
hydrolysis of phenyl phosphate at 278 nm= 870 M cm™?) for
nine substrate concentrations and four or five different fluoride
concentrations. The entire data set was fit to the Micha#fisnten
equation for mixed-competitive inhibition using the program MacCur-
veFit 1.4 (Kevin Raner Software).

Time Dependence of the Formation of M'Zn"-BSPAP. A 4.2
uM apo-BSPAP solution was incubated with 2081 ZnCl, and 200
uM of the trivalent metal (GaGJ FeCk, AI(NOs3) 5, InCls, or no trivalent
metal) at 33°C. At several times after metal addition, an aliquot was
taken and assayed for activity using the continuous assay in a buffer
containing 100 mM Na-MES, 200 mM KCI, and 10 mMNPP, pH
6.00, at 22°C. An effectiveesionm of 1266 Mt cm™t was used for
p-nitrophenol at this pH.

Titration of Indium Binding to Apo-BSPAP. Apo-BSPAP (12.8
uM) was incubated with 9&M ZnCl, and various amounts of Ingl
for 5.5 h at 22°C. Then, 9«M GaCk was added. After incubation of
the solution for at least 20 min at 2Z, the activity of the solution
was measured using the continuous assay in a buffer containing 100
mM Na-MES, 200 mM KCI, and 10 mM-NPP, pH 6.00, at 22C.

Preparation of AlZn-BSPAP. AI(NO3); (~200 uM) and ZnCl,
(~200 uM) were added to a solution of apo-BSPAR30 uM) and
incubated at 37°C for 8 h. Precipitated protein was removed by
centrifugation (15006). Excess metal ions were removed by repeated
concentration/dilution with metal-free buffer using a Centricon-30
concentrator (Amicon).

Preparation of InZn-BSPAP. InCl; (~2004M) and ZnC} (~200
uM) were added to a solution of apo-BSPAP40 «M) and incubated
at 22°C for 3 h. Precipitated protein was removed by centrifugation
(1500@). Excess metal ions were removed by repeated concentration/
dilution with metal-free buffer using a Centricon-30 concentrator.

Metal Analyses.Metal analyses for Fe, Al, and Zn were performed
on a Hitachil80-80 polarized Zeeman atomic absorption spectrometer
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Figure 1. Time dependence of the formation of phosphatase activity
after incubation of apo-BSPAP (4:2) with 200 uM ZnCl, and 200

uM GaCk, 202 uM FeCk, 202uM AI(NO3)s, 201 4M InCls, and no
trivalent metal ion added. Incubations were performed at@3n a
solution containing 35 mM sodium acetate, 1.4 M KCI, and 17% (v/v)
glycerol, pH 5.0. Activity assays were performed at°Z2in 100 mM
Na-MES, 200 mM KCI, pH 6.00, with 10 m\p-NPP.

(INAA) at the Interfacultair Reactor Instituut, Delft, The Netherlands.

Samples for INAA were desalted by repeated concentration/dilution
with Millipore water using a Centricon-30 concentrator and lyophilized
by freeze-drying in polyethylene INAA vials.

Results

In a previous study, it was shown that'Ren'-BSPAP and
Gd'zn"-BSPAP can be obtained simply by the simultaneous
addition of the trivalent metal and Zhto apo-BSPAP, followed
by removal of the excess metal ichEhese results showed that
the apo-enzyme contains two clearly different metal sites: a
“ferric” site with a high affinity for trivalent metals and a
“ferrous” site with a high affinity for divalent metals. With the
goal of resolving the role of the ferric ion in phosphate ester
hydrolysis, it was decided to prepare a series of metal-substituted
BSPAP forms of the general formula'Mn"'-BSPAP. Z@" was
chosen as the invariant divalent metal instead of the nati¥g Fe
since metal-substituted forms having?Fat the divalent metal
site may, in principle, disproportionate, resulting in the re-
formation of some of the native fi&d'-BSPAP form. Such a
disproportionation has been observed for GaFe-BSPAP.

Apo-BSPAP was incubated with~-a40-fold excess of ZnGl
and a~40-fold excess of either FegIGaCk, Al(NO3)s, InCls,
or no trivalent metal at 33C, and the formation of phosphatase
activity was monitored as a function of time after metal addition
(Figure 1). Under these conditions, the addition of gallium
results in an almost immediate formation of GazZn-BSPAP
activity (within 3 min). The addition of F& also results in the
formation of phosphatase activity, but the formation of FezZn-
BSPAP is much slower. Surprisingly, the addition ofAklso
resulted in phosphatase activity. The formation of this putative
AlZn-BSPAP form is even slower than that of FeZn-BSPAP.
The addition of either # and Zr#t, or Zr?t in the absence of
any trivalent metal, gave rise to a low level of phosphatase
activity (~4% of GaZn-BSPAP activity), which did not increase

equipped with a graphite furnace. Adventitious metal ions were removed further with time. Furthermore, this phosphatase activity disap-
indium was performed by instrumental neutron activation analysis presence of the strong reductant sodium dithionite, which

(61) Vincent, J. B.; Crowder, M. W.; Averill, B. ABiochemistry1991, strongly suggests that it is due to FeZn-BSPAP. This is
30, 3025-3034. consistent with the amount of residual iron that was determined
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Table 1. Kinetics Parameters for Various Metal-Substituted Forms 2000
of Bovine Spleen Purple Acid Phosphatase
enzyme Keat x 1073(sY) Ky (mMM) K (FY) (uM)®

Allzn! 1.90 (0.04) 4.2 (0.1% 3(0.2) 1500
Gd'zn" 3.09 (0.44)¢  5.5(0.4%4 140 (70)
In"'zn" <0.02 nd nd
Fe'zn' 2.84(0.18)¢  3.3(0.4%4 200 (30)
Fe'Fe' (native) 1.76 (0.09¢ 1.2 (0.2yd nd

aNumbers in parentheses are standard deviation valuessays
were performed at 22C and pH 6.00 in a buffer containing 100 mM
Na-MES and 200 mM KCI withp-NPP as substraté Assays were 500
performed at 22C and pH 6.0 in a buffer containing 100 mM Na-
MES, 200 mM KCI, 15 mM sodium ascorbate, and 0.2 or 2 mM
Fe(NHy)2(SQy). with p-NPP as substraté Data from ref 8. Assays
were performed at 22C and pH 5.0 in a buffer containing 100 mM
NaOAc and 200 mM KCI with phenyl phosphate as substrate. 0 1 2 3 4

[Indium]/{BSPAP]
for this apo-BSPAP preparation;0.05 Fe per protein. Thus,  Figure 2. Titration of indium binding to apo-BSPAP. Apo-BSPAP
the addition of either Z# alone or I#* in combination with (12.8uM) was incubated with 9&M ZnCl, and various amounts of
Zn?t does not result in any phosphatase activity other than that InClz at 22°C for 5.5 h in a solution containing 35 mM sodium acetate,
attributable to a small impurity of FeZn-BSPAP. It should be 1.4 M KCl, and 17% (v/v) glycerol, pH 5.0. Next, 98V GaCk was
noted that apo-BSPAP is not fully stable under the conditions @dded. Phosphatase activity was determiné® min after gallium
used in this experiment (33C). On a time scale of hours, addition. Activity assays were performed at 22 in 100 mM Na-
substantial denaturation of apo-BSPAP occurs, so that dena-MES’ 200 mM KCl, pH 6.00, with 10 mM-NPP.
turation of apo-protein competes with formation of FeZn-BSPAP
and AlZn-BSPAP. The final activity levels observed in this
experiment (Figure 1), therefore, do not reflect the relative
specific activities of the purified GaZn-BSPAP, FeZn-BSPAP,
and AlZn-BSPAP derivatives.

AlZn-BSPAP. The slow formation of AlZn-BSPAP requires
either very long incubation times or the use of higher temper-
atures. AlZn-BSPAP was prepared by the incubation of apo-
BSPAP with 200uM AI(NO3); and 200uM ZnCl; at 37°C.
When no further increase of phosphatase activity was measure
(after~8 h), denatured protein was removed by centrifugation,
and the supernatant was concentrated/diluted several times witl
metal-free buffer to remove excess aluminum and zinc. Metal
analysis showed the presence of 1.0 mol of aluminum, 0.7 mol
of zinc, and 0.1 mol of iron per mole of protein. Like GaFe-
BSPAP and GaZn-BSPAPAIZn-BSPAP lacks the character-
istic purple color of the FeFe- and FeZn-BSPAP forms and is
colorless (Figure S1, Supporting Information), indicating the
absence of the Fe(lll) at the trivalent metal site. The very weak
residual band at-550 nm is probably due to a small amount
(~10%) of FeZn-BSPAP present in this preparation. This iron
probably also gives rise to the small EPR signabat 4.3
which is present in the EPR spectrum of AlZn-BSPAP. More
importantly, the typical EPR spectrum of the native, antiferro-
magnetically coupled Pe-€' cluster withg-values of 1.87, 1.74,
and 1.58 is completely absent in the spectrum of AlZn-BSPAP
(Figure S2, Supporting Information). The specific activity of
AlZn-BSPAP is comparable to that of the native FeFe-BSPAP
and~60% that of FeZn-BSPAP. The addition of dithionite to
FeFe- and FeZn-BSPAP has been shown to result in the
reduction of the ferric iron and inactivation of these BSPAP
forms8 but AlZn-BSPAP retained~90% of its phosphatase
activity in the presence of dithionite, which is consistent with
the replacement of Fé by AI®". The 10% decrease of
phosphatase activity in the presence of dithionite is consisten
with the residual 0.1 Fe detected by AAS and the residual
features observed in the optical and EPR spectra. Like those ofpiq.,ssion
FeZn- and Gazn-BSPAPthe phosphatase activity of AlZn-

BSPAP was insensitive to oxidation by hydrogen peroxide, Preparation and Characterization of AlZn-BSPAP and
indicating that the native E& has been repiaced by 7n InZn-BSPAP. In this Study we demonstrate that the “ferric”
Table 1 compares the kinetics parameters of the varidlis M (62) Pinkse, M. W. H.; Merkx, M.; Averill, B. ABiochemistryaccepted

Zn" forms and the native F&=€' enzyme for the hydrolysis of  for publication.

1000 |

Activity (Units/ml)

p-NPP at 22°C and pH 6.00. Overall, the kinetics parameters
of AlZn-BSPAP are remarkably similar to those of GazZn-
BSPAP and FezZn-BSPAP. Th&y value is close to that of
FeZn-BSPAP, whiléd,is decreased 1.5-fold compared to those
of FeZn-BSPAP and GaZn-BSPAP. It should be noted, however,
that the aluminum-substituted enzyme is still a very efficient
phosphatase, having a turnover rate of nearly 200CRuoride,
which is an uncompetitive inhibitor at pH 58 ,binds much

ore strongly to AlZn-BSPAP than to GaZn-BSPAP or FeZn-

SPAP. The pH dependence of the phosphatase activity of
HAIZn-BSPAP was determined for the hydrolysispNPP at a
constanip-NPP concentration of 50 mM (not shown). The pH
profile is bell-shaped with apparenKpvalues of 5.2 and 7.1,
and is thus very similar to that of FeZn-BSPAP under identical
conditions (fKzs of 5.3 and 7.15.

InZn-BSPAP. The absence of any activity after incubation
of apo-BSPAP with indium and zinc means either that apo-
BSPAP is not able to bind indium or that'lzn" BSPAP is
formed but is inactive. If If" is able to bind at the trivalent
metal site, it should prevent the binding of gallium and,
therefore, the development of phosphatase activity resulting from
GazZn-BSPAP. Figure 2 shows a titration experiment in which
12.8 uM apo-BSPAP was incubated with excess?Zrand
various amounts of it for 5.5 h at 22°C. Subsequently, 95
uM Ga** was added, and the phosphatase activity was deter-
mined after another 2620 min incubation time. Figure 2 shows
that the binding of one fi ion per apo-BSPAP precluded the
formation of active GaZn-BSPAP. Independent evidence for the
formation of BSPAP with a dinuclear'ltzn' center came from
metal analysis of InZn-BSPAP that had been prepared by the
addition of excess ft and Zi#. Metal analysis showed that,
even after repeated concentration/dilution in metal-free buffer,
the BSPAP samples still contained equimolar amounts of indium
t(1.2 mol/mol of protein) and zinc (1.1 mol/mol of protein) and

only very little iron (0.05 mol/mol of protein).
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Table 2. Comparison of the Catalytic Activity of MzZn"-BSPAP and Some Properties of the Trivalent Metal
kexchange(sil)

M(I) Keat (571 Kw (mM) ionic radius (A} pPKa[M(H20)e]3F P [M(H20)g]3" [M(H 20)sOH]?* M(acac)®
Al 1.9 x 108 4.2 0.54 55 18 9.1x 10°°
Fe 2.8x 10° 3.3 0.65 2.7 1.6< 107 ¢ 1.2x 10°¢ 3.3x 103
Ga 3.1x 10° 55 0.62 3.0 4.0< 102¢ (0.6-2.0) x 10°f 1.6x 1073
In <20 nd 0.80 4.4 >107d 2

aFrom ref 56.° All values converted from ref 57 to 0.16 M ionic strengttizrom ref 60 and references therefrzrom ref 59.¢ From ref 49.
fFrom ref 72.

metal site of BSPAP can accommodate a variety of trivalent per protein, it may be argued that one should calcl{ateon
metal ions. Gallium, iron, and aluminum all yield active the basis of the amount of zinc. Doing this would increase the
enzymes. Indium does bind to apo-BSPAP, btitZn" BSPAP value ofkg,to 2700 s, which would mean that the activity of

is inactive. The only proteins for which the interaction with AlIZn-BSPAP is the same as those of FeZn-BSPAP and GaZn-
trivalent metal ions have been studied extensively are the Fe BSPAP.

transport/binding proteins transferrin, lactoferrin, and ovotrans-  Relating Enzymatic Properties to General Properties of
ferrin®3 In these proteins, the trivalent metal is coordinated by the Trivalent Metal. The trivalent metals used in this study
two tyrosinates, one histidine, one carboxylate, and a nonproteinare all spherically symmetrical, having either fully filled'¢d
ligand, carbonaté¥%> while the Fé" in the purple acid  AI3*, Ga&*, and If*) or half-filled, high-spin d-shells @
phosphatases is coordinated by one tyrosinate, one histidineFe3*). The absence of specific ligand field effects facilitates
one terminal carboxylate, one bridging carboxylate, probably a the comparison of the enzymatic properties of these metal-
bridging hydroxide, and either water or hydroxie:3 Alumi- substituted enzymes to the general properties of the trivalent
num, gallium, and indium all bind quite strongly to transferrin, metal. In Table 2, some of these properties (ionic radius in
and a free energy relationship has been observed between thectahedral complexes, ligand exchange rates for [}{g]3*,
stability constants for hydroxide and phenolate binding and their [M(H,0)sOH]?*, and [M(acag), and K, values for
binding constants to transferrin, suggesting that electrostatic [M(H,0)¢]3*) are compared with the enzymatic properties
interactions rather than, e.qg., ionic radii determine the binding and Ky for the M"zn" BSPAP form containing the same
strengtH® The rate of formation of the Mzn!' BSPAP strongly trivalent metal.

depends on the trivalent metal, with rates decreasing in the order Stability constants for hydroxide and other oxygen and
G&" > Fe&" > AI3". The rapid formation of GaZn-BSPAP  nitrogen ligands are similar for iron(lll) and gallium(lll) but

was used to advantage in studying the formation of InZn- |ower for the corresponding aluminum compleX&$he greater
BSPAP, because it allowed the amount of free trivalent metal acidity of [Fe(HO)s]®" relative to that of [Al(HO)s]3" has been

sites to be determined by their reaction with gallium to form correlated with the greater electronegativity of Fe (ke
the active GaZn-BSPAP species. For transferrin, the relative = 1,96; yauy = 1.61), which means that the F© bond has
order of the rates of complex formation differs from that found some covalent character, while the -AD bond is purely
for apo-BSPAP (Ga Al > Fe > In).” For both BSPAP and  electrostatic. Whethep-NPP binds to the trivalent metal ion
transferrin, these rates of complex formation do not follow the remains to be established, but the very similar substrate affinities
trends found for ligand exchange rates for trivalent metal ions, found for AlZn-, FeZn-, and GaZn-BSPAP suggest that such
indicating that some process other than a simple ligand exchangean M!""'—0O bond does not contribute significantly to substrate
is determining these rates. binding. The finding that AlZn-BSPAP is inhibited much more
Our previous work on the gallium-substituted BSPAP forms  strongly by fluoride than GaZn- and FeZn-BSPAP indicates that
showed that the kinetics parameters and the pH profiles of FeFe-the noncompetitive inhibition is due to fluoride binding at the
GaFe-, FeZn-, and GaZn-BSPAP are similar but not identical. trivalent metal ion, where it is likely to replace a coordinated
The small differences that were detected were consistent. Thuswater/hydroxide. The stronger binding of fluoride to aluminum
the same effects olca and Ky and the pH profiles were is in agreement with the hardoft acid-base theory: fluoride
observed for the Pé-to-G&" substitution when going from  is a hard base and Al is a harder acid than both Feand
FeFe-BSPAP to GaFe-BSPAP and when going from FeZn- G&™.
BSPAP to GaZn-BSPAP. The same is true for th&"Re-Zn?* The acidic limb of the pH optimum of BSPAP has been
substitution. The differences between the variou8 2v" attributed to a M(lIl)-coordinated water ligand with Kgaround
BSPAP forms may, therefore, be ascribed with some confidences in the enzyme substrate complé% The similar pH profiles
to chemical differences that are due to the identity of the trivalent for Fezn-BSPAP and AlZn-BSPAP seem to be in conflict with
metal, and not to some artifact introduced by their preparation. this proposal, since thekp of the M(lll)-coordinated water
The value ofkeat is calculated on the basis of the amount of would be expected to be higher for AlZn-BSPAP than for FeZn-
protein. Since our AIZn-BSPAP preparations contain 0.7 Zn BSPAP. The pH profile may, therefore, be the result of the (de)-
protonation of amino acid side-chain groups or substrate. As

(63) Baker, E. N.; Lindley, P. FJ. Inorg. Biochem1992 47, 147—

160 will be discussed below for ligand exchange rates, some care

(64) Anderson, B. F.; Baker, H. M.; Dodson, E. J.; Norris, G. E.; Rumball, Should be taken when comparing the thermodynamic properties
S. V.; Waters, J. M.; Baker, E. NProc. Natl. Acad. Sci. U.S.A987, 84, of, e.g., the hexaaqua complexes with those of the metalein
1769-1773.

(65) Bailey. S.: Evans, R. W.: Garratt, R. C. Gorinsky, B.. Hasnain, S. gomplexes. It may be. that, in com.plexes with several' anionic
Horsburgh, C.; Jhoti, H.; Lindley, P. F.; Mydin, A.; Sarra, R.; Watson, J. ligands, these trends irKg values differ from the trend in the

L. Biochemistryl98§ 27, 5804-5812. pKa values of the first deprotonation step in the hexaaqua
39éGG) Li, H.; Sadler, P. J.; Sun, Heur. J. Biochem1996 242 387— complexes, as shown in Table 2.
(67) Harris, W. R.; Chen, Y.; Wein, Kinorg. Chem 1994 33, 4991 In most discussions of the relationship between ligand

4998. exchange rates and the nature of the metal ion, the water
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i H
exchange rates of the hexaaqua complexes of the metal ions Fod {g> - Fel o2+

are compare&?5568The water exchange rates for the trivalent . 7 |

metal ions studied in this work decrease in the ordét e HoPDe OHg O, HOPOST o

Ga*', Fe > AlI®*, which also reflects the increase in charge/ o—P\

ionic radius ratio for these metal iof%The difference between ROPOS> 0// o

the keat for AIZn-BSPAP (1900 s%) and the water exchange R '

rate for Al(H,0)s (~1 s71) is remarkably large. At first glance,

these facts seem incompatible with a catalytic mechanism that F 340y 124 o
includes a ligand exchange reaction at the trivalent metal. It is <7— d _ o/e \
dangerous, however, to compare ligand exchange rates for two ROH °"<:ﬁ\ L T
complexes with the same metal ion but with a different ligand °_7/P\ ™~ /;"ton
environments. In purple acid phosphatases, the ligand will not 2 no oR T ﬂ
experience the full 3 charge of the trivalent metal as in the

hexaaqua complexes, because the trivalent metal is coordinated 34D 124

by several negatively charged ligands: one tyrosinate, one end- ROH F‘T \) 'Y'

on bound carboxylate, a bridging carboxylate, and probably also NG

a bridging hydroxide. The effect of such a negatively charged //P\\v

ligand can be clearly seen by comparing the water exchange o ©r

rates for [M(HO)e]3+ and the corresponding [M@®)sOH]2+ Figure 3. Three mechanistic proposals for the role of the PAP metal
complexes (Table 2). It has also been reported th4tEBTA center in the hydrolysis of phosphate monoesters. Starting at the top

and Fé'-porphyrins have much faster water exchange rates of center of the figure with the free enzyme, all mechanisms have the
~10F 5162 On the other hand, in the all mechanisms proposed initial coordination of the phosphate ester to the divalent metal ion in

' S . common. In mechanism 1, the phosphate ester is subsequently attacked
thus far for the PAPs (vide infra), a negatively charged

. by the hydroxide that is coordinated monodentately to the ferric iron.
phosphate rather than a neutral water ligand needs to bejy mechanism 2, the phosphate ester binds in a bridging mode to both

displaced by a water molecule, which might be expected to slow metal jons and is then attacked by the bridging hydroxide. In mechanism
the exchange reactid:*? 3, an Fé*-coordinated hydroxide acts as a general base to deprotonate
Since so many factors may contribute to the rate of ligand a water in the second coordination sphere of the metal, which then
exchange, the absolute rates of ligand exchange reactions irattacks the phosphate ester coordinated to the divalent metal ion.
model complexes cannot be directly correlated Withvalues.
If one compares ligand exchange rates for various trivalent Nisms 1 and 2 involve ligand substitution reactions at the
metals with the same ligand environment, however, the relative trivalent metal ion in which phosphate is replaced by a water/
rates between corresponding complexes of the various metaldhydroxide ligand. The similak.a values for AlZn-, FeZn-, and
seem fairly constarf® If a ligand exchange reaction at the GaZn-BSPAP suggest that this release of phosphate is not the
trivalent metal ion is the rate-determining step in PAP catalysis, rate-determining step in catalysis, which leaves the hydrolysis
keatwould be predicted to be similar for FeZn-BSPAP and GaZn- reaction itself as the most likely rate-limiting step for both
BSPAP but at least a factor of 10 lower for AlIZn-BSPAP. The mechanisms 1 and 2.
relatively high activity of AIZn-BSPAP is, therefore, inconsistent A third mechanistic possibility is that ligand substitution at
with a rate-limiting ligand exchange reaction at the trivalent the trivalent metal ion does not occur during catalysis (mech-
metal ion, although it cannot be excluded that ligand exchange anism 3). In this mechanism, the hydroxide that is coordinated
is partially rate-limiting for the aluminum-containing enzyme. o the trivalent metal (either end-on or bridging the two metals)
The InZn-BSPAP is the first example of a purple acid acts as a general base to deprotonate a second water molecule,

phosphatase for which substitution of the ferric iron by another Which then attacks the phosphate ester. In the final step,

trivalent metal results in inactivation of the enzyme3'lis a ~ phosphate is released from the divalent metal ion. A similar
weaker Lewis acid then @&, Fe¥*, and ABt, which may be role for the trivalent metal ion has recently been proposed for
the reason for its inactivity. Since the ionic radius o#'lns the Fe(lll) or Co(lll) ions in the enzyme nitrile hydrataSawo

also larger, we cannot exclude the possibility that the binding classes of nitrile hydratases exist, one containing a low-spin
of In3* causes structural changes in the active site that affect Fe(lll) metal center and one containing a low-spin Co(lll) metal
the catalytic activity. center. Both classes share sequence homology, and the coor-
Figure 3 shows three different mechanistic proposa|s for the dination environments of the trivalent metals are believed to
role of the two metal ions in hydrolysis. All mechanisms have be similar. Typical values fokatare 1008-2000 s'* for both
as a common feature the initial coordination of the phosphate €nzyme classes. Since Co(lll) complexes are known to be
ester to the divalent metal ion. In mechanism 1, proposed by kinetically inert, it was proposed that the chemistry is taking
Witzel and co-workerd347the phosphate ester is subsequently Place in the second coordination sphere of the trivalent metal,
attacked by the hydroxide, which is bound to the ferric iron in in @ way similar to that depicted in mechanism 3.
a monodentate fashion. The final step is then release of Trivalent Metals as Lewis Acids in Enzyme CatalysisIn
phosphate. Mechanism 2 has been proposed for protein phosgeneral, trivalent metal ions are better Lewis acids then divalent
phatase 1 and calcineurin, on the basis of the X-ray structuresmetal ions, and consequently one might expect the former to
of their oxoanion complexé$;°and recently also for uterof- ~ be widely distributed in enzymes. In fact, however, only a few
errin42In this mechanism, the substrate binds in a bridging mode Well-characterized examples exist: the purple acid phosphatases
to both metal ions. The-OH bridge is then activated to act as  and possibly other phosphatases with the same sequence motif,

the nucleophile that attacks the phosphate ester. Both mechanitrile hydratase, and intradiol dioxygenases. In all these

) . oo - enzymes, the trivalent metal ions in these enzymes are bound
68) Lippard, S. J.; Berg, J. MPrinciples of bioinorganic chemistry i ianic i i i i i

University Science Books: Mill Valley, CA. 1994 pp 281. via $evera| anionic ligands, wh_lch will decrease their Lewis
(69) Kolski, G. B.: Plane, R. AJ. Am. Chem. Sod.972 94, 3740 acidity compared to that of their hexaaqua complexes but at

3744, the same time increase their ligand exchange rates. Two options,
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therefore, seem open to metallohydrolases: using a divalent Conclusion. The phosphatase activity of AlZn-BSPAP is
metal ion such as zinc with high ligand exchange rates in a almost as great as that of the FeZn- and GazZn-BSPAP forms
coordination sphere that makes the metal ion as acidic as(k.a~2000 vs~3000 s1), while In"Zn'"-BSPAP is inactive.
possible (e.g., all neutral histidine ligands, as in carbonic This first demonstration of an active aluminum-containing
anhydrase), or using a trivalent metal ion such as Fe(lll), which enzyme is in conflict with the axiom that the relative slow ligand
is intrinsically a much better Lewis acid, in an anionic ligand exchange rates of aluminum render this metal ion useless in
environment, which will increase the rate of ligand substitution the active sites of enzymé&37° Our findings suggest that the
at the trivalent metal ion. rate-limiting step in the catalytic mechanism of BSPAP may

Aluminum has no known biological role, despite the fact that not be a ligand substitution reaction at the trivalent metal ion.
it is the most abundant metal on earth and a good Lewis acid.
Its slow ligand exchange rates are generally considered to be Acknowledgment. We thank Femke Mensonides and Bart
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